We present a one-step method to prepare silver nanoparticle (Ag NP) shell coated functional microspheres as a surface-enhanced Raman scattering (SERS) substrate. The microspheres, linked by n-octadecane chains, were bonded and covered by aggregations of Ag NPs. The process of the coverage of Ag NPs on a microsphere surface was investigated by scanning electron microscopy, and the SERS activity was optimized using rhodamine 6G as a probe molecule. This spatial structure composed of inner noctadecane chains and an outer coarse silver shell achieved dual functionality of molecule adsorption and sensing, due to its capacity to capture analytes with alkyl chains, thus achieving effective SERS detection with bare compacted Ag NPs. The SERS detection of low concentrations of 2.6 Â 10 À7 M, 2.5
Introduction
Coin metal (gold, silver, and copper) nanoparticles exhibit plasmonic behaviour to generate surface-enhanced Raman scattering (SERS). [1] [2] [3] This special optical property enables the weak Raman scattering of molecules to be enhanced by multiple orders of magnitude and provides a high sensitivity to even trace amounts of samples. 4, 5 Hence, coin metal nanoparticles (NPs) have been of technological interest for a wide range of disciplines. [6] [7] [8] [9] [10] However, the use of plasmonic nanoparticles may suffer from some challenges in achieving reliable applications. The SERS phenomenon strongly depends on a molecular close proximity to a metal surface where a light induced electromagnetic eld is present. Therefore, the SERS effect affords a very low response to molecules that lack functional groups with affinity to metals, limiting the wide potential of SERS application. Much work has focused on the addition of functional groups onto the surface of bare nanoparticles to capture the molecules into electromagnetic elds. [11] [12] [13] [14] [15] Unfortunately, the additional chemical groups linked to the SERS-active surface could produce Raman signals by themselves, thus complicating the identication of analytes using spectroscopy. The aggregation of nanoparticles could generate strong electromagnetic elds from the gaps between the particles and lead to a signicant SERS effect on molecules thereaer. Nevertheless, the formation and distribution of the "hot spots" may be heterogeneous because of the irregular aggregation of particles, thus reducing the reproducibility and effectiveness. Moreover, it could easily result in a loss of colloidal nanoparticles during the mixing process in the sample solution due to their small size and dispersibility.
Herein, the assembled silver nanoparticle (Ag NP) shell alkyl-functionalized microspheres were fabricated to achieve high performance SERS detection with little spectral background interference. The spatial composite microspheres exhibited the dual advantages of adsorbing molecules with alkyl chains close to the bare Ag NPs surface and accomplishing high SERS-activity. Furthermore, we successfully integrated the microspheres into a small detection device suitable for on-site use, and demonstrated high sensitivity to poor-SERS-responsive molecules.
Experimental section
Details of the materials, apparatus and experiments are provided in ESI. † The schematic illustration for the experimental process is shown in Fig. 1 .
Results and discussion
C18-functionalized microspheres are one of the commonly used substrates for absorbing and separating molecules in sample solutions. Bare Ag NPs are well-used plasmonic materials as SERS sensors. 16 In our experiments, the microspheres were previously modied with (3-aminopropyl) trimethoxysilane (APTMS) to facilitate the subsequent immobilization of Ag NPs onto their surfaces. The SEM image of the APTMS modied microsphere is shown in Fig. 2A . Fig. 2B -D demonstrate the process of the coverage of Ag NPs onto the bare microsphere with different assembly times. Ag NPs were initially dispersed and aggregated on the surface of the microspheres. Aer 7 h of deposition, the microspheres were coated with uniform and compacted Ag NP aggregations (see Fig. 2D ). The EDX measurement displayed an increasing amount of Ag during the deposition process and veried the full coverage of the silver shell for the product at 7 h, as shown in Fig. 2E . The 10 À6 M probe molecule R6G was employed to investigate the SERS activity of composite microspheres that had different synthesis times. Fig. 2F shows the comparison of the SERS spectra. The SERS signals increased with the increasing coverage of Ag NPs. Aer the entire surface of the microsphere was covered with a dense and coarse silver shell, the SERS signals did not increase anymore. It veried that the SERS activity strongly depends on the amount of Ag NPs. These aggregated Ag NPs could effectively form particle-particle gaps to generate the strong electromagnetic elds, or "hot spots", thus producing a remarkable SERS effect. 17 Besides, compared to the dispersive metallic nanoparticles in colloids, the immobilization of the Ag NPs on silicon substrates could eliminate random owability and aggregation, thus affording stable and reproducible SERS detection. Furthermore, the SERS-active microspheres are feasible for a sample preparation procedure such as extraction or separation in bulk solutions.
Additionally, we examined their ability of detecting nonpolar molecules which traditionally have little SERS response because of their low affinity to metal surfaces. Naphthalene compounds, typical non-polar molecules, have been of great concern to public health owing to their perniciousness to the environment. Fig. 3 shows the Raman spectra of 1 mM naphthalene acquired from three different SERS detection systems. In the Ag NP colloid system, when the molecules are located in the gaps between the particles, the strong electromagnetic elds therein would generate a remarkable enhancement of molecular signals. For the solid supported Ag NPs aggregation layer, stable and reproducible SERS detection could be obtained due to the uniform distribution of "hot spots". However, molecular signals could hardly be observed on the Ag NP colloid and the bare silica supported Ag NP layer (see curve (i) and (ii) in Fig. 3 ). This illustrated the invalidation of two traditional SERS substrates for naphthalene detection, as neither the aqueous environment surrounding the silver colloids nor the bare silica support under Ag NP layer displayed any contribution to an effective SERS response. Herein, we demonstrated that the composite microspheres could achieve valid SERS detection of naphthalene (see curve (iii) in Fig. 3 ). In our detection system, a silica-C18-Ag NPs spatial structure was constructed. The Ag NPs were coupled with hydrophobic alkyl groups on the surface of silica microspheres. The non-polar molecules could be trapped by the alkyl chains and sandwiched between the silver layer and the supported silica substrate or the gaps of the Ag NPs. This contributed to an introduction of molecules into the electromagnetic eld, thus establishing a molecular trapping-sensing system to realize high performance SERS detection. Moreover, the peak shis in the SERS spectra were in good accordance with those in the spectra of the solid, and additional background signals were hardly observed (see curve (iii) and curve (iv) in Fig. 3 ). This was attributed to the Raman response of the molecule and its accessibility to the plasmonic surface. The alkyl chain with a -CH 3 group on its terminus had a weak affinity to and a low interaction with the silver surface. On the other hand, the Raman cross-sections of this small molecule which lacked p-p structure are small. 18 Hence, the C18 group under the Ag NPs could intrinsically take advantage of averting the background signal interference compared to other reported work.
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In order to demonstrate the potential for practical use, naphthalene, 2,6-dimethylnaphthalene, and 1-naphthol at different concentrations were tested by our detection device, as shown in Fig. 4 . Their corresponding concentrations were characterized by the signal intensities of the peaks located at 1377 cm À1 , 1374 cm À1 , and 1367 cm À1 respectively. The insets show the relationship between the intensities of the characterized peaks of the compounds and their respective logarithmic concentrations. The signal intensities decreased gradually in response to decreasing concentrations, and low concentrations down to 2.6 Â 10 À7 M, 2.5 Â 10 À8 M and 5.4 Â 10 À8 M were achieved for naphthalene (see Fig. 4A ), 2,6-dimethylnaphthalene (see Fig. 4B ), and 1-naphthol (see Fig. 4C ) respectively. This demonstrated that the prepared composite microspheres and the device could realize high performance detection of naphthalenes. Compared to other reported work (Table S1 †), the SERS-active microspheres possessed a comprehensive advantage in terms of their sensitivity to naphthalenes, ease of preparation, elimination of background interference and capability of on-site use for bulk solutions. In view of the satisfactory results for each single compound, we further investigated the potential of the composite microspheres in real-world conditions. The soil (from Shanghai Fire Research Institute of MPS, Shanghai, China) was used as a common carrier of the naphthalenes. The soil was immersed and extracted with ethanol to stimulate background conditions in a real sample. The spectrum of the extracted solution was obtained by our detection device, as shown in Fig. 5a . It demonstrated that the amount of naphthalenes in the soil itself was lower than the limit of detection and that the analysis would not be signicantly interfered with by the background spectrum from the extracted solution. In order to investigate the validity in real sample conditions, an equal amount of naphthalene, 2,6-dimethylnaphthalene, and 1-naphthol was added into the extracted solution and each compound at a nal concentration of 1 mM was prepared. Every single compound in the mixture could be conrmed according to the positions of the SERS peaks (see Fig. 5b ). This demonstrates the feasibility and ability of the SERS-active composite microspheres to effectively detect naphthalenes in real-world conditions, even for a complicated and multicomposition sample. À6 M R6G acquired on microspheres that were modified by silver nanoparticles for 1 hour (curve (i)), 3 hours (curve (ii)), 7 hours (curve (iii)) and 8 hours (curve (iv)). 
Conclusion
In summary, we prepared composite microspheres with silica-C18 cores and silver nanoparticle shells as a SERS substrate. The spatial structure of the microsphere gave rise to a molecular trapping-sensing system to capture the molecules into intense electromagnetic elds and achieve an effective SERS detection. A highly sensitive and background-interference-free SERS measurement for non-polar molecules like naphthalenes was demonstrated. Therefore, it would provide a promising method for SERS detection of molecules which intrinsically have a poor SERS response, and extend the potential of SERS for wide application. The SERS spectrum of the extracted solution mixed with naphthalene, 2,6-dimethylnaphthalene, and 1-naphthol. The symbols marked on the peaks correspond to the respective compounds.
